Growth ability in various macaque cell lines of HIV-1 with simian cell-tropism by Doi, Naoya et al.
INTRODUCTION
Human immunodeficiency virus type 1 (HIV-1)
is tropic for humans and chimpanzees only, and the
human is a sole animal species that develop AIDS.
This singularly narrow host range, i.e., a property
very much specialized to grow in humans, has been
a major obstacle for basic studies on viral replica-
tion and pathogenesis in vivo (1). In an attempt to
broaden the host range of HIV-1 to some primate
species that are routinely used for various experi-
ments, we have recently constructed several HIV-1
derivative viruses which are macaque cell-tropic (mt)
(1-5 ; unpublished results). Mt viral genomes com-
monly contain a small portion of gag sequence en-
coding simian immunodeficiency virus from rhesus
monkeys (SIVmac) capsid (CA) element, corre-
sponding to the HIV-1 cyclophilin A (CypA)-binding
loop, and the entire SIVmac vif gene (2). Represen-
tative basic clones were designated NL-DT5R (2),
NL-DT5R6/7S (4) and NL-DT562 (5) (Fig. 1), and
were CXCR4-positive lymphoid cell (X4)-tropic, X4
cell-tropic, and CCR5-positive lymphoid cell (R5)-
tropic, respectively. The NL-DT5R6/7S construct
carries an additional minimum sequence of SIVmac
CA relative to NL-DT5R (Fig. 1) (4).
Simian cell-tropism of new viruses constructed in
our laboratory was verified in HSC-F cells derived
from a cynomolgus macaque (6). Although we have
previously shown that the data obtained in HSC-F
cells are parallel with those in primary lymphocytes
(2, 7), viral properties may vary in the cells used.
In particular, a species-specificity may exist in the
sensitivity of the cell lines to HIV-1 derivative vi-
ruses. In this study, we therefore comparatively
characterized four macaque cell lines of two mon-
key species (cynomolgus and rhesus macaques)
available to us. Both monkey species are frequently
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and internationally used for infection experiments.
For characterization of the cell lines in this study,
we have focused on analyzing the viral receptors,
anti-CA gene, and susceptibility to viral infection.
We demonstrate here, as a result, that each mon-
key cell line is useful to examine properties of SIV
and HIV-1 derivative viruses.
MATERIALS AND METHODS
Cells
A human monolayer cell line 293T (8) was main-
tained in Eagles’s minimal essential medium con-
taining 10% heat - inactivated fetal bovine serum.
Human and simian lymphocyte cell lines used in
this study were maintained in RPMI-1640 medium
containing 10% heat - inactivated fetal bovine se-
rum. Recombinant human IL-2 (AbD Serotec) was
added to the medium (50 units/ml) for mainte-
nance of rhesus lymphocyte cell lines. Original sim-
ian lymphocyte cell lines were generous gifts of
Drs. Hirofumi Akari, Tomoyuki Miura, and Hidemi
Takahashi.
Infection
To obtain input viruses for infection of lympho-
cyte cells, 293T cells were transfected with provi-
ral clones (Fig. 1) by the calcium-phosphate co-
precipitation method as previously reported (9). A
newly constructed pMA239N carries a Glu codon
(gaa) in place of an internal stop codon (taa) pre-
sent in the nef gene of pMA239 (10). Target cells
were infected with an equal amount of various vi-
ruses as determined by reverse transcriptase (RT)
assays, and monitored for virus growth by RT as-
says as previously described (9). For infection of
H9 cells, the spinoculation method (11) was used.
All the infected cultures except for H9 cells were
maintained in the presence of IL-2 as above.
RT assay
RT assay using 32P-dTTP has been previously de-
scribed (12).
Flow cytometry
Cells (106) were stained for cell surface viral re-
ceptors with mouse antibodies (anti-human CD4 an-
tibody/FITC for CD4, anti-human CD184 antibody/
PE for CXCR4 and anti-human CD195 antibody/PE
for CCR5 (BD Biosciences)). Samples were then
analyzed by FACS Calibur (BD Biosciences). Un-
stained cells were used as negative controls.
Cell sorting
Cells (107) were stained with a mouse anti-
human CD4 antibody conjugated with FITC (BD
Biosciences). Samples were then sorted for surface
CD4-positive cells by a cell sorter, JSAN (Bay bi-
oscience). Cell sorting was repeated, and CD4 -
positive cells were pooled until desired cell numbers
were obtained.
Figure 1 : Proviral genome structure of various viruses used in this study. Clones NL4-3 (9), NL-DT5R (2), NL-DT5R6/7S (4), NL-
DT562 (5), and MA239N (this study) are X4 HIV-1, X4 mt HIV-1, X4 mt HIV-1, R5 mt HIV-1, and SIVmac, respectively. SIVmac se-
quences are indicated by grey areas. To convert X4 virus into R5-tropic, NL-DT562 has the EcoRI-XhoI region from NF462 (5) as
indicated.
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Genotyping of TRIM5 allele of macaque cell lines
PCR amplification of CypA insertion and of TRIM5
allele (exon eight) were performed according to the
method described previously (13). To analyze CypA
insertion, the amplification was done by Premix
Taq (TaKaRa Ex Taq version) (Takara Bio) using
genomic DNAs and primers reported previously
(13). PCR products were then analyzed by agarose
gel electrophoresis. For determination of TRIM5
allele, the exon eight was amplified with Prime
STAR HS polymerase (Takara Bio) using genomic
DNAs and primers reported previously (13) and
cloned into pGEM-T easy vector (Promega). Exon
eight heterozygosity was then examined by deter-
mining the sequences of multiple clones for poly-
morphic sites (14).
RESULTS AND DISCUSSION
Expression level of cell surface receptors for HIV-1
in human and macaque cell lines
First and primary barrier of viral productive
infection is the receptor molecule(s) on cell surface.
As an initial step to characterize various cell lines
of simian origin, the expression level of receptors
for HIV-1 (CD4, CXCR4, and CCR5) was examined
by flow cytometry using HIV-1 susceptible human
H9 (15) and M8166 (10) cells as controls. Simian
cell samples analyzed here included those of HSC-F
(derived from a cynomolgus macaque), HSR1.4F
(rhesus macaque), HSR5.4 (rhesus macaque), MT-
IL2I (rhesus macaque), and their derivative lines.
The HSC-F, HSR1.4F, HSR5.4, and MT-IL2I cell
lines were similarly generated through immortali-
zation by herpesvirus saimiri (6). Figure 2 shows the
expression profiles of viral receptors in H9, M8166,
and HSC-F cells. As is clear, human H9 and M8166
cells were positive for CD4 and CXCR4 but not
CCR5, consistent with a previous observation that
these cells support the growth of X4 HIV-1 but not
R5 virus (16). In contrast, simian HSC-F cells, which
have been used in numerous studies on SIVs, SIV/
HIV-1 chimeric viruses (SHIVs) and mt HIV-1s,
expressed all the viral receptors (CD4, CXCR4 and
CCR5). As shown in Figs. 3 and 4, although the
rhesus macaque cell lines, HSR5.4, HSR1.4F and
Figure 2 : Flow cytometry profiles of human H9, M8166 and cynomolgus macaque HSC-F cells for virus receptors. Cells were
stained with mouse anti -CD4, -CXCR4 or -CCR5 antibody as described in MATERIALS AND METHODS, and analyzed by FACS
Calibur.
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Figure 4 : Flow cytometry profiles of rhesus macaque HSR1.4F, HSR1.4FS1-p and MT-IL2I cells for virus receptors. Cells were
stained and analyzed as described in the legend to Figure 2. HSR1.4FS1-p indicates the HSR1.4F cells sorted for CD4 and cultured
for 2 months.
Figure 3 : Flow cytometry profiles of rhesus macaque HSR5.4, HSR5.4S1 and HSR5.4S1-p cells for virus receptors. Cells were stained
and analyzed as described in the legend to Figure 2. HSR5.4S1 and HSR5.4S1-p indicate the HSR5.4 cells sorted for CD4 and their
prolonged culture (2 months), respectively.
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Polymorphic sites in the exon eight of rhesus macaque TRIM5 allele
A
MT-IL2I, also expressed three receptors, we noticed
that there were two major cell populations (CD4-
positive and -negative). The HSR5.4 and HSR1.4F
cell lines, therefore, were sorted for CD4-positive
cells with an anti-CD4 antibody and a population
that would be mostly composed of CD4-positive
cells from each cell line was obtained. However, the
sorting for CD4-positive cells appeared to give only a
transient effect, and CD4-positive and -negative cell
populations were observed after a while (HSR5.4S1-
p in Fig. 3 and HSR1.4FS1-p in Fig. 4). A similar re-
sult was also obtained for MT-IL2I (data not shown).
Extensive cell cloning might be required to obtain
rhesus macaque cell lines that are stable for the
CD4 expression on cell surface.
Analysis of TRIM5 allele in macaque cell lines
We next examined HSC-F, HSR5.4S1, HSR1.4F
and MT-IL2I cells for polymorphism of TRIM5
(Fig. 5), a major anti-retroviral CA genetic locus
(17), on the basis of the following observations.
The restriction factor TRIM5α has been demon-
strated to work as a mediator of innate immunity
and to inhibit retroviral replication in a species-
specific manner (18 - 20). It has been shown that
TRIM5α is polymorphic especially within the exon
eight, which encodes SPRY (B30.4) domain impor-
tant for a species-specific restriction (Fig. 5A) (13,
14). At least seven TRIM5 alleles have been re-
ported and named Macaca mulatta TRIM5 allele 1 to
7 (Mamu1 to 7) (Fig. 5A). The ability to restrict rep-
lication of various retroviruses varies among Mamu
genes (13, 14). Mamu7 has a frame-shift in the exon
eight, generating a fusion gene with a downstream
CypA -coding region, and eventually encodes a
TRIMCyp fusion protein composed of TRIM5 and
CypA (13). It has been shown that a cynomolgus
macaque also expresses this TRIMCyp, and that
rhesus and cynomolgus TRIMCyp proteins do not
restrict the replication of HIV-1 and SIVmac (13,
21). In addition, a recent study has shown that
Mamu1 to 3 more efficiently inhibit SIVmac repli-
cation than Mamu4 to 6 , indicating that the polymor-
phism of TRIM5α significantly influences SIVmac
replication (22).
To determine whether each macaque cell line
has the TRIMCyp gene (Mamu7 for rhesus ma-
caques in Fig. 5A), the CypA insertion was moni-
tored by the PCR amplification followed by agarose
gel electrophoresis. As shown in Fig. 5B, whereas
Figure 5 : TRIM5 genotype of macaque cell lines. (A) Reported polymorphism in the exon eight of TRIM5 (14). (Δ) represents the
lack of the amino acid indicated. (B) Determination of the CypA insertion. PCR products were run by agarose gel electrophoresis,
and visualized by ethidium bromide staining. H2O (water) is a negative control. (*) indicates the insertion. (C) Genotyping of TRIM5
alleles. Sequences of the exon eight of TRIM5 gene in the cell lines were determined, and classified as shown. No TRIM5 polymor-
phism has been reported for cynomolgus macaques. (Δ) represents the lack of the amino acid indicated.
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cynomolgus HSC-F cells were clearly heterozygous
for TRIMCyp and TRIM5α, rhesus HSR5.4S1 cells
are homozygous for TRIMCyp. In contrast to theses
cells, HSR1.4F and MT-IL2I cells do not encode
TRIMCyp. We then sequenced the exon eight of
TRIM5 gene in these cells amplified by PCR to de-
termine the allele (Fig. 5C). Because the polymor-
phism of cynomolgus TRIM5 allele has not been
identified and reported yet, sequencing the exon
eight in HSC-F cells was done only to confirm het-
erozygocity of TRIM5α and TRIMCyp shown in
Fig. 5B. As expected from the result in Fig. 5B,
HSR5.4S1 cells were homozygous for Mamu7 . Se-
quence analysis also revealed that HSR1.4F cells
are heterozygous for Mamu3 and Mamu4 , and that
MT-IL2I cells have Mamu1 and Mamu3 . In total, the
polymorphic genotypes of TRIM5 locus in the four
macaque cell lines are as summarized in Fig. 5C.
Growth properties in various macaque cell lines of
basic mt HIV-1s
We finally monitored comparatively the viral rep-
lication kinetics in HSC-F, HSR5.4S1, HSR1.4F, and
MT-IL2I cells. Figure 6 shows the typical kinetics in
human and macaque lymphocyte cells of NL4-3 (a
standard HIV-1 virus), MA239N (a standard SIVmac
virus) and three basic mt HIV-1s (NL-DT5R, NL-
DT5R6/7S and NL-DT562). Athough SIVmac grew
poorly in human cells (at an undetectable level in
H9 [Fig. 6B] but at a distinct level in M8166 cells
[2]) relative to HIV-1 (Fig. 6A), it did more rapidly
than any other viruses in simian cells such as HSC-
F (Fig. 6C) (2). As is clear in Fig. 6B and 6C, while
the three mt HIV-1s did not grow in H9 cells, they
grew considerably in HSC-F cells. Among the mt
HIV-1s, the R5 virus NL-DT562 replicated most
Figure 6 : Growth kinetics of SIVmac and various HIV-1s. Input virus samples were prepared from 293T cells transfected with proviral
clones indicated, and infected into human and cynomolgus macaque cells. In (A), human H9 cells (106) were infected with 1.1106,
1.1105, or 1.1104 RT units of NL4-3 (NL4-3 H, NL4-3 M, and NL4-3 L, respectively). In (B), H9 cells (106) were infected with
2.4106 RT units of MA239N or 6.6106 RT units of the three mt HIV-1s indicated. In (C), cynomolgus macaque HSC-F cells (106)
were infected with 4.7104 RT units of MA239N or 7.6106 RT units of the three mt HIV-1s indicated. After infection, virus replica-
tion was monitored at the indicated intervals by RT activity in the culture medium.
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poorly in HSC-F cells. This was probably due to its
protein(s) encoded by its unique genome (see the
genomic structure in Fig. 1) (5), not to a CCR5 level
on the cell surface (Fig. 2). In rhesus macaque cells,
noteworthy results in respect to the TRIM5 alleles
and virus susceptibility were obtained (Fig. 7).
While SIVmac and all the mt HIV-1 grew quite well
in HSR5.4S1 cells (Mamu7) (Fig. 7A), viruses ex-
cept for SIVmac did not in HSR1.4F (Mamu3 and
Mamu4) and MT-IL2I (Mamu1 and Mamu3) (Fig.
7B and 7C). Moreover, SIVmac replicated better
in HSR1.4F cells than in MT-IL2I. These data were
perfectly consistent with the reported observations
described above (13, 14, 21, 22). We were inter-
ested in determining the molecular basis for differ-
ent replication potentials of mt HIV-1s and SIVmac.
Our functional and structural analyses have sug-
gested that viral CA protein, as expected, is the ma-
jor determinant for the observed viral growth prop-
erty in these cells (data not shown). Another point
worth mentioning here is that NL-DT562 grew com-
parably with NL-DT5R and better than NL-DT5R6/
7S in HSR5.4S1 cells (Fig. 7A), different in HSC-F
cells (Fig. 6C). These results might be explained by
relative expression levels of CXCR4 and CCR5 on
target cells (Figs. 2 and 3).
Conclusions
In this study, we have characterized and analyzed
four macaque cell lines with respect to the expres-
sion of HIV-1 receptors (Figs. 2-4), genotype of anti-
retroviral TRIM5 locus (Fig. 5), and susceptibility to
SIV/HIV-1 viruses (Figs. 6 and 7). All cynomolgus
and rhesus macaque cell lines examined here were
found to be positive for the primary and secondary
HIV-1 receptors, i.e., CD4, CXCR4, and CCR5. Par-
ticularly, a high expression level of CCR5 observed
in some cells would be an important property to
study R5 viruses that are critical for the disease pro-
gression. Furthermore, to be good for virological
Figure 7 : Growth kinetics of SIVmac and various mt HIV-1s. Input virus samples were prepared from 293T cells transfected with
proviral clones indicated, and inoculated into rhesus macaque cells. In (A), HSR5.4S1 cells (3106) were infected with 4.7104 RT
units of MA239N or 7.6106 RT units of the three mt HIV-1s indicated. In (B), HSR1.4F cells (3106) were infected with 1.5106
RT units of MA239N or 1.3107 RT units of the three mt HIV-1s indicated. In (C), MT-IL2I cells (106) were infected with 1.6106
RT units of MA239N or 1.4107 RT units of the three mt HIV-1s indicated. After infection, virus replication was monitored at the
indicated intervals by RT activity in the culture medium.
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studies, these cell lines were demonstrated to be
unique in their TRIM5 genotype having four distinct
allele combinations. In parallel with these results,
the cell lines responded uniquely to infection with
SIVmac or the three mt HIV-1s (Fig. 1). In conclu-
sion, HSC-F, HSR5.4S1, HSR1.4F and MT-IL2I cells
were useful for biological and molecular biological
studies on mt HIV-1.
ACKNOWLEDGMENTS
We thank Dr. Tomoyuki Miura (Institute for Vi-
rus Research, Kyoto University, Kyoto, Japan) and
Dr. Hidemi Takahashi (Department of Microbiology
and Immunology, Nippon Medical School, Tokyo,
Japan) for a generous gift of the MT-IL2I rhesus
macaque cell line before publication. We also thank
Dr. Hirofumi Akari (Primate Research Institute,
Kyoto University, Aichi, Japan) for generous gifts
of HSR1.4 (a parental line of HSR1.4F in this
study) and HSR5.4. We are indebted to Ms. Kazuko
Yoshida of our department for her excellent edito-
rial assistance. This work was supported in part by
a Grant-in-Aid for Scientific Research on Priority
Areas (21022033) from the Ministry of Education,
Culture, Sports, Science and Technology of Japan.
REFERENCES
1. Nomaguchi M, Doi N, Kamada K, Adachi A :
Species barrier of HIV-1 and its jumping by
virus engineering. Rev Med Virol 18 : 261-275,
2008.
2. Kamada K., Igarashi T, Martin MA, Khamsri B,
Hatcho K, Yamashita T, Fujita M, Uchiyama T,
Adachi A : Generation of HIV-1 derivatives that
productively infect macaque monkey lymphoid
cells. Proc Natl Acad Sci USA 103 : 16959-
16964, 2006.
3. Igarashi T, Iyengar R, Byrum RA, Buckler-
White A, Dewar RL, Buckler CE, Lane HC,
Kamada K, Adachi A, Martin MA : An HIV-1
derivative with 7% SIV genetic content is able
to establish infections in pig-tailed macaques.
J Virol 81 : 11549-11552, 2007.
4. Kuroishi A, Saito A, Shingai Y, Shioda T,
Nomaguchi M, Adachi A, Akari H, Nakayama,
EE : Modification of a loop sequence between
α -helices 6 and 7 of virus capsid (CA) protein
in a human immunodeficiency virus type 1
(HIV-1) derivative that has simian immunodefi-
ciency virus (SIVmac239) vif and CA α -helices
4 and 5 loop improves replication in cynomol-
gus monkey cells. Retrovirology 6 : 70, 2009.
5. Yamashita T, Doi N, Adachi A, Nomaguchi M :
Growth ability in simian cells of monkey cell-
tropic HIV-1 is greatly affected by downstream
region of the vif gene. J Med Invest 55 : 236-
240, 2008.
6. Akari H, Fukumori T, Iida S, Adachi A : In-
duction of apoptosis in Herpesvirus saimiri-
immortalized T lymphocytes by blocking in-
teraction of CD28 with CD80/CD86. Biochem
Biophys Res Commun 263 : 352-356, 1999.
7. Fujita M, Yoshida A, Sakurai A, Tatsuki J, Ueno
F, Akari H, Adachi A : Susceptibility of HVS-
immortalized lymphocytic HSC-F cells to vari-
ous strains and mutants of HIV/SIV. Int J Mol
Med 11 : 641-644, 2003.
8. Lebkowski JS, Clancy S, Calos MP : Simian vi-
rus 40 replication in adenovirus-transformed
human cells antagonizes gene expression. Na-
ture 12 : 169-171, 1985.
9. Adachi A, Gendelman HE, Koenig S, Folks T,
Willey R, Rabson A, Martin MA : Production of
acquired immunodeficiency syndrome-associ-
ated retrovirus in human and nonhuman cells
transfected with an infectious molecular clone.
J Virol 59 : 284-291, 1986.
10. Shibata R, Kawamura M, Sakai H, Hayami M,
Ishimoto A, Adachi A : Generation of a chi-
meric human and simian immunodeficiency
virus infectious to monkey peripheral blood
mononuclear cells. J Virol 65 : 3514-3520, 1991.
11. O’Doherty U, Swiggard WJ, Malim MH : Hu-
man immunodeficiency virus type 1 spinocula-
tion enhances infection through virus binding.
J Virol 74 : 10074-10080, 2000.
12. Willey RL, Smith DH, Lasky LA, Theodore TS,
Earl PL, Moss B, Capon DJ, Martin MA : In
vitro mutagenesis identifies a region within the
envelope gene of the human immunodeficiency
virus that is critical for infectivity. J Virol 62 :
139-147,1988.
13. Wilson SJ, Webb BL, Ylinen LM, Verschoor E,
Heeney JL, Towers GJ : Independent evolution
of an antiviral TRIMCyp in rhesus macaques.
Proc Natl Acad Sci USA 105 : 3557-3562, 2008.
14. Newman RM, Hall L, Connole M, Chen GL,
Sato S, Yuste E, Diehl W, Hunter E, Kaur A,
Miller GM, Johnson WE : Balancing selection
and the evolution of functional polymorphism
The Journal of Medical Investigation Vol. 57 August 2010 291
in Old World monkey TRIM5alpha. Proc Natl
Acad Sci USA 103 : 19134-19139, 2006.
15. Mann DL, O’Brien SJ, Gilbert DA, Reid Y,
Popovic M, Read-Connole E, Gallo RC, Gazdar
AF : Origin of thye HIV - susceptible human
CD4+ cell line H9. AIDS Res Hum Retroviruses
5 : 253-255, 1989.
16. Kawamura M, Ishizaki T, Ishimoto A, Shioda
T, Kitamura T, Adachi A : Growth ability of hu-
man immunodeficiency virus type 1 auxiliary
gene mutants in primary blood macrophage
cultures. J Gen Virol 75 : 2427-2431, 1994.
17. Nakayama EE, Shioda T : Anti-retroviral activ-
ity of TRIM5α. Rev Med Virol 20 : 77-92, 2010.
18. Hatziioannou T, Perez-Caballero D, Yang A,
Cowan S, Bieniasz PD : Retrovirus resistance
factors Ref1 and Lv1 are species-specific vari-
ants of TRIM5alpha. Proc Natl Acad Sci USA
101 : 10774-10779, 2004.
19. Keckesova Z, Ylinen LM, Towers GJ : The hu-
man and African green monkey TRIM5alpha
genes encode Ref1 and Lv1 retroviral restric-
tion factor activities. Proc Natl Acad Sci USA
101 : 10780-10785, 2004.
20. Stremlau M, Owens CM, Perron MJ, Kiessling
M, Autissier P, Sodroski J : The cytoplasmic
body component TRIM5alpha restricts HIV-1
infection in Old World monkeys. Nature 427 :
848-853, 2004.
21. Brennan G, Kozyrev Y, Hu SL : TRIMCyp ex-
pression in Old World primates Macaca
nemestrina and Macaca fascicularis . Proc Natl
Acad Sci USA 105 : 3569-3574, 2008.
22. Lim SY, Rogers T, Chan T, Whitney JB, Kim J,
Sodroski J, Letvin NL : TRIM5alpha modulates
immunodeficiency virus control in rhesus mon-
keys. PLoS Pathog 6 : e1000738, 2010.
N. Doi, et al. Growth ability of macaque cell-tropic HIV-1292
